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Abstract 
Pressure shif1.s arid self-broadening parameters of the J=33--12, J=34-43 ,  
J=56-55 and .J=(jS-67 sub-bands of the ‘ A ,  ground state of C113C’4N 
u p  to K = 1 0  were deterrriined using the NIS‘I’ turiat)le fa.r.infrnrcd ( r l ’ u l ~ l l ~ )  
spectrometer . The pressure shift agrees well with tliroretical pretlictioris 
made using Aridersori-Tsao-Curiiutte theory. ‘l’he self-broadcriirig param- 
eter shows the expected K depencence. However, the predictioiis are sys- 
tematically too large for decreasing J .  ?‘he influerice of the ‘I’uFIR power 
spectrum on the derived experimental parameters was evaluated and a coin- 
parison was made between two-wave and three-wave mixing spectroscopy. 

keywords: far-infrared spectrorneter, methyl cyanide, pressur(’ broadening, 
pressure shift 

1 Introduction 
Pressure shift and self-broadening parameters in the microwave to i n -  

frared spectral regions are usually described by impact theories (1,  2 ,  3, 4) .  
These theories assume a complete loss of coherence of the emitted radiatiori 
for close collisions and use a classical path approximation to t a k e  account 
of the long-range intermolecular interactions. They differ mainly i n  their 
assumptions for the intermediate range iriteraction. 

III  the Lheory of Anderson, Tsao, and Ciiriiutte ( AT(:-theory) ( I ,  4 ) ,  the 
probability function which describes the efficiency of collisions due to lo~ig- 
range forces is extrapolated to  a miriirnuni collisiori paranieter I),, w l i w  t h e  

I643 



1644 Scbwnrb. Evcnron, and Zlok 

probability of disturbing the radiation process equals 1. Thus, the overall 
I ’ cross section 0 can be represented as the sum of a hard sphere cross section 

dinner = 1r6: , where bo is the radius of the molecule, and a n  outer part 
CI,,~, , ,  which depends on tlic! t.ype of long range iaterrnolecular interaction. 

l o  compare I.he ttieort!t.ic;tl predictioiis of ATC-theory wi th  experimen- 
tal data ,  tircthyl cyanide was chosen. Its large dipole niornent (3.93 1)) 
makes the dipole-dipole iritcirart ion t h e  dominant source of self-broadening 
and pressure shift. ‘ 1 ’ 1 1 ~  rtwiltiiig I),) is i n  the rang. o f  1 -2 n I n  so that the 
classical patti assciirii)t.ioii is well justified. 

Pressure broadening a n d  pwssure shift nieasureinerits o n  t h e  isotopic 
specics C11,Ci4N ant1 (:ll;)C:i5N have been reported by several authors ( 5 ,  
and rererences therc!in) involving energy levels up to J=6. The experimental 
da ta  usually agree within to 30% with values predicted by ATC-theory. 
Unfortunately, accurate tlcterniiriation of self-broadening and pressure shift 

aranieters for CH3C’4N is rorriplicated at low J by hyperfine splitting. 
&h is can be overcome by observing higher-.I rotationa.1 transitions. R.ecently 
self-broadening pararneter studies a t  higher-J levels have also been reported 
(6). I n  order to cxtcnd the availa1)le da ta  well into the submillimeter range 
we u s t d  a turial)l(~ filr-ilifrard (‘I’uFIR) source to riioasure self-broadening 
mid shift. parii~l~l(~I,(:rs o f  groiiiid state rotational transitions of CI13Ci4N 
involving levels up to J=6R. I n  this paper we place emphases on the K 
dependency a n d  or1 the liinitii.tions of the spectroscopic method; the J- 
dependency has I)t!en discirssetl more completely elsewhere (7). 

r ,  

, 
’ 

2 Experimental Details 

2.1 The TuFIR Spectrometer 

We used the ‘ I ’ u l ~ 1 1 ~  spectroiriotvr at the National Institute of Standards 
and Technology (NIS‘I‘) iri Houlder, Colorado, to produce coherent FIR 
radiation ( 8 ) .  The systciii can he operated i n  two ways. In second-order 
operation (st’(! Fig. I )  t.wo CO? Iitsttr frctqiiencies are inixcd i n  a ~rictal- 
insulator-iiictal ( M  I h l )  t l i o ( l ( 3  to  produce a tliffcrence frequeiicy i n  the 1;IR.  
I I I  order  to liavc tiiii;~I~iIity togc~.Iirr wi th  very high frcquericy accuracy, t l i c  
first laser is sat.iirat~~~l-al~sor~~tioii-stal~ilizecl, arid the sccond laser is a high- 
pressure waveguide laser wtridi is referred to a second absorption-stabilized 
fixed-frequency COz laser. Each laser frequency can be shifted by plus or 
minus’ 90 MHz by the two acousto-optic modulators. Thus, t h e  overall fre- 
qiiency coverage o f  one pa.ir of l a s t ~ r  diferences is of the order of 560 M l l z  
(f 180 MI1x f r o i n  t . l i v  acouslo-oi)tic rilodiilators and f 1 0 0  M l l z  tunability 
of the high pressurc: C02 laser). T h e  uncertainty of tlie radiated FIR fre- 
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Figure 1: TiiFlR spectrometer i n  second-order operation: t w o  lasers 
(Laser I and Wuveguide) are mixed in  a M I M  diode to produce t h e  dif- 
ference frequency upIH = I(vf f 6 )  f (vI f  f vs f 6) l .  Laser 1 is saturated- 
absorption stabilized. The waveguide laser is referred to the statdized Laser 
I1 by the frequency difference produced in the HgCd'l'e detector. Both laser 
frequencies can be shifted by 90 MEIz by acousto-optic modulators ( A O M ) .  
The FIR radiation is detected by a liquid helium cooled bolometer. The 
da ta  acquisition is fully computerized. 

quency is given by the quadrature sum of the uncertairrties of the saturated 
absorption stabilized COz lasers which a~iiot~nts typically to I O  k l l z  (9).  

To obtain more tuiiability, third-order operatioil is u s t d  ( s ~ e  I'ig. 2 ) :  two 
stabilized (10, lasers with frequcricics V I  arid V I /  arc triixctd with rriicrowavc 
radiation u,, (5 to 20 G H z )  i n  a M I M  diode to protirice upper arid l o w r r  
sideband radiation at the difference frequency: 

VFIH = 1.1 - f v ~ .  ( 1 )  

The drawbacks of this method compared to secoritl-order o p c m t i o n  are 
lower Dower. hieher relative noise. and . es~)ccially for t i i o r c  coinplex 
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Figurc 3: FIIl power versus Crctquency for second order operation 
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Figure 4: Comparison of A M  (upper trace) arid F'M (lower trace) spectrum 
for the J=56+55 niriltiplet of inctl~yl cyanide. The abscissa shows the 
frequency of the microwave soiircc. 
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lull  - V l I  
[MHz) 

Mlcrowave 
Computer 'loritrnl and 
Oat0 Acquisition 

1 3 C ' 6 0 ,  lOP(18) 26 940 8 1 4  241  
" C " O 3  9P(2&) 29 816 9 1 5  529 
"C"U2 9P( 14) 30 I60 7 1 Y  906 
"C"Ui g P ( 3 b )  29 519 3 5 1  466 
" C ' 6 0 ,  YPIJ4) 29 5 9 0  9 1 3  418 

VI t 6  - -+a6er1 )-c3 6 n n *Line identifier] 

4 AOM 

1aC160z  IOP(40) 27 730 022 416 789 208 175 
" C L S 0 ~  lOR(10) 28 054 072 700 774 852 829 
' 'Cl6O9 9P(31) 30 983 190 757 822 470 850 
1 a C ' 6 0 a  l O P ( I 2 )  28 516 026 658 I 013 324 809 
' aC1aO1 lOP(18) 2U 358 773 810 I 231 139 610 

Figure 2: TuE'IR spectrometer in third-order operation: two frequency 
stabilized COz lasers (Laser  I arid Laser Ir) are mixed with a microwave 
c o m p " t  in  a MIM diode to produce the frequencies v F r R  = Jv,-v,rJfv,, 

covers a region of a few gigaliorle, we used the third-order system for nearly 
\'all rneasureinerits. For coniparison, we measured tlie J=42, K=O, 1, 3, 6 
transitions in  both second- and third-order operation. A list of the COz 
laser pairs used for the measurc"its in this paper is given in  Table I. 

l ' Table I: COz laser lines and frequencies (10) whicli were used for the de- 
termination of the self-broadening parameters of CHBCN 

42 0,1,3 2 . ,  

43 0 9 
55 0 10 3 
67 0 9 

molecules 
sideband. 

blending of lines i n  the image sideband with lines in the signal 
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or Co (third-order operation) substrate a t  normal incidence. A corner re- 
flector was adjusted to improve the FIR radiation pattern. T h t !  hearri was 
reflected by an off-axis parabola and sent through a single-pass absorption 
cell consisting of a pyrex tube of 22 mini inner diameter and high-density 
polyethylene windows. Cells with lengths from 3 to 84 cni were used de- 
pending on tlie different line strengths. 

To reduce standing waves, all optical componeuts were slightly tilted 
or wedged, and the optical path length was modulated by several wave- 
lengths with a moving mirror system. The radiation was detected by a 
pumped (2  K )  liquid-He-cooled, Ga-dopwl Ge tmloineter with a NEP of 
10-l3 W/JZ. F L R  powers o f  10 t o  soiii(: 100 i i ~  wcr(* oI)t,itiric(l iisiiig 

300 m W  CO? laser power and 3---8 mW of niicrowitve power. A miriiniiirri 
detectable absorptivity of cm-’ i n  a 1 nr absorption cell was realizcrl. 
The FIR frequency was modulated at a rate of I k l t z  with an a[riplitude 
of 0.8 MHz.  During the measurements the temperature varied from 302 
to 304 K .  Pressures ranged from 0.05--0.6 Torr and were measured with an 
accuracy of 3% with temperature stabilized precision capacitance manorile- 
ters; 6-10 d a t a  pairs were used to evaluate the broaderiing arid shift parair\-  
eters of each line. We flowed the gas slowly to maintain the pressure arid 
to compensate for absorption of methyl cymide on tlie walls of the cell. 

To estimate the influence o f  power variations oii the lincwitlttrs we ob- 
tained power spectra for both methods of operation. In the second-order 
case (see Fig. 3),  the laser can be tuned f l O O  Ml iz ,  and its ‘30%) power point 
is f60 MIIz on most of the C 0 2  lines. k’or third-order operation (see Fig. 4 )  
the power spectrum is nearly constant on a single liiie, bu t  varies frorn line 
to  line due to  standing waves in the inicrowave coaxial line conaecting the 
synthesizer to the MIM diode. Itowever, this variation is not exhibited in 
the  derivative spectrum, because the FIR frequency modulation is a result 
of modulating the frequency of one of the C 0 2  lasers on top of its gain 
curve. The center frequencies can be determined i n  third-order operation 
as accurately as in second-order operation. However, the FIR power vari- 
ation may produce some systematic errors to the measured linewidths and 
the pressure broadening parameters derived from them depending on the 
ratio of the linewidths to the period of the standing waves. 

I 

2.2 Data Analysis 

The da ta  were analyzed using a nonlinear least squares fitting routinc‘ pro- 
vided by Chance (11). The program fits Voigt profiles to directly measured 
or frequency-modulated spectra. ?‘he heart of the fitting r o d r i e  is the 
Levenberg- Marquardt , nonlinear-least-squares technique described i n  ( 12). 
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To save computing time, the Voigt profile was approximated with an ap- 
propriate formula. Comparison of the approxirnation with tabulated values 
(13) for small I,orentzian/Gaussian width ratios yields rnaxiniuni errors of 
less than 2 percent for a single spectral point. At larger ratios the error 
drops well below I percent. The partial derivatives of the Voigt profile 
were directly calculated as differentials. In addition, frequency-niodulated 
spectra were fit,ted using a six-point, derivative modulation scheme. 'The 
effects of liric saturatioii were includetl i r i  the fits. Fit tirig paraiiir.ters for 
each spectrum were the baseline offset, a multiplicative scaling factor, and 
for each line, the Lorentzian width and the center frequency. Tlit half 1/e 
Gaussian half-width rG arid the line intensities were kept constant at  their 
theoretical val lies. 

I he spectra of the K=4-transitions of tlie rriultiplets J=43--4'L, J =  
44-43, J=56-55 and J=68+-67 a t  a pressure of 200 iii'I'orr are shown i n  
Fig. 5 together with the corresponding fits and the resiiltiiig rrsidiials. The 
frequencies given on the abscissa of each plot are those o f  the microwave 
source. The sigiial-to-noise ratio varied with the lengtlis of the absorption 
cells and the FIR-intensity, and was i n  the range from 'LO to 100. For the 
J=56+-55 and J=68-67 measurements, the S / N  was sufficient to permit 
the observation of the difference between the approximate Voigt profile a n d  
its real counterpart. 

r ,  

3 Results 
, I  I he experirneritally obtained pressure shifts s arid solf-broadening pa- 

rameters r of rriethyl cyanide are given i n  Table II. 1:igiire 6 shows tlie K 
dependency of the self-broadening pararrict.rr Tor t.he tliflc~rcnt ,I triilisit ions. 
I:or each transit.ioii s and I' were tlcteriiiiiictl by least. scliiitrc fitting. A i l  VX- 

ample is shown i n  Fig. 7. Since the center freqireiicies ~ o i i l d  be dt.tc?rriiined 
very accurately eveir for slightly blended lii~es they were weighttrd by ]/a2 
to obtain s. The zero-pressure center frequencies are not listed i n  'I'able 11. 
They will be published in a forthcoining paper together wit.h l i i i e  frecluerr- 
cies of vibrationally excited CH3CN. The self-broadeiiing parameters were 
obtained using urrweighted least square fitting. Here, systeniatic errors due 
to  frequency dependent FIR power variations, overlapping 1iric:s and base 
line variations are dimcult to take into account. 

The frequency shift is negative for all measured transitions. I t  is con- 
stant within each K multiplet. The weighted a.verages are -1.13( 1 1 )  M H z /  
Torr, -1.02(13) MHz/Torr, -0.80(7) MHz/'l'orr a n d  -0.51(6) MHz/ ' Iorr  for  
the 5=43+-42, 3344-43, J = 5 6 t 5 5  and J=68+-67 nrult,iplet, respectively. 

Like the pressure shift, the self-1)roadening parartietcr o f  nietliyl cyanido 
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,Figure 5: Spectra of the K=.l  rotational transitions of the CI13CN ground 
s ta te  with their corresponding fits and the resulting residuals. The abscissa 
shows the frequency of the microwave source. The difference in the S/N 
ratios is due to the variatioo in  FIR power. 
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Figure 7: 
(right) of the J=43+42, K = 6  transition of CIt3('h' 

Pressure shift (left, with 3o-error bars) and s d l  brcutlcninp; 
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Table 11: Pressure shifts and self-broadening pararrieters of selected 
ground state rotatiorlal trailsitions of C€i3CN. The theoretical predictions 
i nclride dipole- d i pole, dipole- (1 I I  ad r 11 pole and quadrupole- quadr u pole in- 

J K 

42  0 
42 1 
42  2 
42 3 
42  4 
42 5 
42 6 
42 7 
42 8 
42 9 
43 0 
43 1 
43 2 
43 3 
43 4 
43 5 
43 6 
43 7 
43 8 
43 9 

teractions (14) 
e" [Mtlz/Torr] 

exp theor 
-0.69 (32)  -1.14 
-1.46 (34) -1.14 
-1.21 (31) -1.13 
-1.23 (27) -1.12 
-1.19 (33) -1.11 
-1.39 (36) -1.09 
-0.82 (32) -1.07 
-0.90 (60) -1.05 
-1.45 (72) -1.02 
-1.15 (71) -0.98 
-0.94 (35) -1.13 
-1.14 (36) -1.12 

-_____ 

-1.0'3 ( 3 5 )  -1.12 
-0.96 (30) - 1 . 1 1  

-1.30 (47) -1.08 

-0.85 (94) -1.01 

-1.07 ( 4 1 )  -1.10 

-0.79 (35) -1.06 
-1.46 (76) -1.04 

-0.51(128) -0.98 

-Torr] 
cxp  t lwur  

28.04 (39) 42.09 
28.93 (MO) 42.08 
27.58 (55) 42.07 
'26.04 (72) 42.05 
28.20 (75) 42.02 
26.63(106) 41.08 
25.8:3(100) 41.93 
26.05(203) 41.88 
24.30(141) 41.82 
26.90(188) 41.75 
26.38 (60) 39.62 
26.30 (53 )  39.fil 
Z t i . 3 1 (  1 0 2 )  3Y.W 
27.90 (55)  39.58 
27.00 (74) 3!).5G 
27.4:)(171) 3!J.5:1 
2ti.S2(I IS)  3 9 . 4 9  
25.65(22fi) 39.44 
23.23(531) 3'3.39 
29.22(444) 39.33 

J K no [MI-lz/Torr] 
exp theor 

55 0 -0.63(23) -0.88 
55 1 -1.00(23) -0.86 
55 2 -0.82(23) -0.86 
55 3 -0.85(27) -0.85 
55 4 -0.97(23) -0.84 
55 5 -0.85(23) -0.84 
55 6 -0.70(23) -0.82 
55 7 -0.76(24) -0.81 
55 8 -0.67(25) -0.78 
55 9 -0.81(23) -0.77 
55 10 -0.65(31) -0.75 
67 0 -0.39(18) -0.59 
67 I -0.66(18) -0.59 
67 2 -0.65(18) -0.59 
67 3 -0.48(20) -0.59 
67 4 -0.52(19) -0.58 
67 5 -0.41(21) -0.57 
67 6 -0.60(20) -0.56 
67 7 -0.33(21) -0.55 
67 8 -0.55(22) -0.54 
67 9 -0.50(28) -0.53 

r" (MHz/Torr] 
exp ttieor 

14.69 (42) 18.85 
14.69 (48) 18.85 
15.01 ( 1 1 )  18.85 
16.80 (34) 18.85 
14.79 (40) 18.85 
14.66 (35) 18.85 
15.52 (54) 18.85 
14.48 (47) 18.85 
13.94 (57) 18.85 
14.21 (56) 18.85 
14.68(101) 18.85 
11.00 (24) 10.27 
10.89 (19) 10.27 
10.76 (18) 10.27 
12.96 (32) 10.27 
9.97 (46) 10.27 

10.49 (58) 10.27 
11.01 (46) 10.27 
9.26 (51) 10.27 
8.78 (58) 10.28 
9.85 (69) 10.28 

"numbers in parentheses give the 30 deviations in units of the last digit 

decreases with increasing J.  It drops from 27.6( 11) MHz/Torr for J=43+42 
to 110.5(11) MfTz/'I'orr for J=68-67. A more detailed analysis of the J 
tieljcndenccb of s a.nd I '  is givtiri i i i  ( 7 )  together with further data  obtained 
w i l h  a sirnilar instriimc~nt. I n  contriist with the the lower-J measurements, 
t,he 3=56-55 and J=Gfi-67 rnirltiplcts self-broadening parameters of the 
K = 3 n ,  n = l ,  2, 3 lilies are significaritly larger than those with K # 3n. 
This'is probably due to saturatioii cfrects and  leads to  an estimation of 
2 MIlz/Torr for the systerriatic errors of the strong lines. 

A comparison of scc~ond- arid tliird-order spectroscopy is shown in  Ta- 
ble 111 for t.hc transit.ions .1=~13--32, K=O, l ,  3, 6. The results agree within 
their So-error bars for all transitions. While the center frequencies can be 
derived with equal acxuracy by each method, the small frequency range 
which can be covered by second-ortlw spectroscopy leads to  large errors 
i n  r and s - -  e s p e c i a l l y  for t l i c i  c~losc~ly spacod transitions K = O  arid 1 .  For 
these transitions, pressures of 'LOO ni'l'orr produced systematic errors due to 
the verging of both lines. I n  addition, the baseline is difficult t o  define and 
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Table III:  Comparison of second- and third-order operation of the M I M  
spectrometer 
( J K I F c o n d - o r d e r  operation 

Sa I-" 
[MiIzI (MHz/Torr] 

42  0 I 789 894.270 (81) - 0 . 9 3 7 4 )  28.68 (794) 
789 879.329 (80) 
789 759.854 (86) 

-0.81(70) 33.20(131 I )  
-1.10(32) 30.62 (158) 
-1.29(70) 26.28 (126) 

third-order operation 
vn a 50 ra 

(Milz] 
789 894.18.?(81) 
789 879(.347(82) -1.46(:14) 28.93 (80) 
789 759.827(7:3) -1.2:1(27) 28.04 (72)  
789 357.098(81) 

"nurnbers in parentheses give the 3 0 deviations i n  units of the last digit 

the K = 2  line starts to appear. The agreement gets better for K = 3 .  Here, 
systematic errors occur for pressures above 400 mTorr. llecause of the large 
self-broadening the entire line width caii t l i c ~ u  not tw covered coriipletcly 
for high pressures. Fitting of these data leads to line widths which arc sys- 
teriiatically too large. For moleciiles with large self-broadening parameters 
and a dense spectrum, second-order spectroscopy is of' only very limited use 
for the determination of broadening and shift paraiiietcrs. 

4 Conclusions 

As Tables I1 and 111 show, the Tub'IR spectrometer represents a very 
powerful tool for determining pressure shifts and broadening parameters of 
molecular species in the far infrared. Its liiriited freqiicricy raiige i r i  secortd- 
order operatiori makes third-order spectroscwpy t . 1 1 ~  preferaI)lc clioicc for 
measuring rr~olec.ules w i t h  closely spacxd lines arid large broadening coeffi- 
cients. Second-order spectroscopy lead to systematic errors i r i  the present 
work. 

As Table 11 shows, the experimentally derived pressure shifts and self- 
broadening parameters compare well with theoretical predictions by ATC- 
theory. The J levels observed here lie above the most populated atates. 
They are therefore above the self-broadening riiaxirriiirri itiduced by the ah- 
sorber-pertnrber resonance described i n  (7)  arid show the expected rapid- 
ly decreasing I' wi th  increasing J. However, Al'C-theory overestimates the 
magnitude of the increase of r with decreasing J.  For K<J no K dependence 
of the self-broadening parameter is predicted and a statistically insignificant 
decrease for J=43+-42 and J=44t43 was measured. 'The  pressure shifts 
are within their error bars in full agreement with the tlieoretical predictions. 

There are two ways to improve the accuracy of the derived parameters. 
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An improved S /N ratio would justify the use of a fully calculated Voigt 
profile instead of an approximated one and the derivative spectra could be 
normalized with the FIR power. This would reduce the systematic errors 
and accurately test the FIR line shapes. 

We thank G.Buffa and 0.Tarrini for the calculation of the theoretically 
predicted pressure shifts and self-broadening parameters and their helpful 
discussions. 
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